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Implementation of electronic artificial skin has been widely studied, from 
basic concept to prototypes, for potential applications in robot engineering and 
prosthetic replacement. Electronic Artificial skin plays a key role of sensing external 
environment, such as pressure and temperature, and delivering transformed signals 
either to robot control or human nerve system. 
In order to truly mimicking human skin, artificial skin at least needs to 
 
 ii 
contain both pressure and temperature sensing elements in an array format. In fact, a 
couple of trials have been attempted to integrate sensing both elements onto single 
skin. Combination of commercial temperature sensing chips with printed pressure 
sensitive resistor or assembly of separately fabricated sensor arrays of each type has 
been demonstrated. These hybrid type integration or assembly approach renders 
rather complicated processes and thus increases fabrication cost. 
For sensing elements, conductive composite materials have been 
commonly used, whose resistance changes as geometrical dimension changes with 
applied pressure or temperature. In most cases, the conductive composite materials 
have been used only for single type of sensing element, either pressure or 
temperature sensor. It is challenging to differentiate two type of sensing part in one 
substrate with single conductive composite material and to independently read out 
each signal. Therefore, there have been no reported researches on using single 
conducting composite materials to a multi-sensing device. 
In addition, the conductive composite materials were typically fabricated 
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"on" either flexible or stretchable substrate only after readout active-matrix circuitry 
was fabricated on the substrate. Therefore, there can be limitation in selection of 
materials and device structure, and process incompatibility that can makes mass 
manufacturing of the active-matrix sensor arrays difficult. However, when the sensor 
arrays are separately fabricated by embedding the sensing elements in the substrate, 
they can be easily incorporated into passive-matrix system or can be simply 
laminated on the separately fabricated active-matrix circuitry, as in case of the 
electronic paper front-plane technology. 
In this thesis, a simple fabrication method of integrated 
pressure/temperature sensor arrays by embedding conductive nickel (Ni) particles in 
poly(dimethyloxane) (PDMS) medium for electronic artificial skin application will 
be elucidated. The pressure and temperature sensing parts are formed in one pixel 
but have different heights, which are implemented by introducing a corrugated 
structure to Ni/PDMS composite with a pre-patterned aluminum mold. Since Ni 
particles are ferromagnetic materials, Ni/PDMS mixture can be patterned by 
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exposure to patterned magnetic fields. Magnetic field exposure helps both lateral 
patterning and vertical particle alignment, which directly improved sensitivity and 
linearity of the sensor. Independent and stable read-out signals for pressure and 
temperature sensors are successfully obtained even under repeated measurements. 
This technology has advantages of simple tuning for sensitivity and operation ranges 
by changing particle concentration and device physical dimension, easy scaling-up 
to large area by seamlessly bonding small arrays or using large-area magnetic field 
modulator, and potential implementation of the sensor frontplane for active-matrix 
backplane read-out circuitry. Electronic artificial skin passive-matrix system with 
about 10 ppi resolution with the integrated 16 by 16 pressure and 15 by 15 
temperature sensor arrays have been finally demonstrated. 
Furthermore, a highly stretchable electrode with demonstration of a 
resolution sustaining lighting device by fully utilizing the magnetic 
patterning/aligning method will be also studied. This stretchable electrode based on 
conductive composite shows unique property that is negative strain-dependency in 
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electrical resistance. Although cyclic behavior of pure nickel composite needs more 
improvement, nickel-based composite materials have excellent advantages over 
other materials in terms of simple patterning and in-situ embedding in the matrix. 
This novel technology would be one of the key enabling technology in 
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There are famous saying ‗Imitation is the Mother of Creation‘. In fact, this 
adage is modifying of ‗Failure is the Mother of Success‘ by famous inventor 
Thomas Edison; however, it has very meaningful substance. Typically, the word 
named ‗Imitation‘ implies negative meaning; however, it has been very powerful 
means in history of human race. One of a common epithet for human beings is 
‗Animals which the most well use tools‘. Ancestors of the human race made tools 
and used it using by two free hands which is caused by upright walking. The first 
tool of human beings may rocks or part of trees that had been easily found around 




imitate strong physical abilities of large carnivorous animals which have been 
located at the very top of the food chain by using rocks and tree clubs. By doing so, 
they might be able to buildup weak physical abilities of themselves. The limitation 
has been started from this purpose, being create greatly marvelous and useful results 
even at this moment. There is sketch at the famous note from Leonardo da Vinci, 
who was a representative painter, sculptor, mathematician, engineer and inventor of 
the Renaissance era, is showed Figure 1.1. It is ‗Flying Machine‘ based on flying 
mechanisms of various winged animals such as birds, bats and flying insects which 
are easily observed from nature. Actually, his effort toward the ‗Flying Machine‘ 
was disastrously failed, however, after 400 years the Wright brothers were invent 
first controlled and powered airplane. This airplane has been great invention which 
completely changes notions about time and space.  
 




Almost imitations have been based on outer environment what is covering 
human so far; recently, there are many cases of imitations about human themselves. 
These are based on bio engineering, mechanical engineering and electrical 
engineering which being greatly developed. There are some representative cases, 
artificial organs and a human clone technology which are based on bio engineering, 
artificial muscles and actuators which are based on mechanical engineering and 
mimicking various sensory organs and nerve systems which are based on electrical 
engineering. (Mimicking human abilities or human itself might be caused by 
curiosity about us; however, there is strong desire to improve our insufficient 
physical abilities or to make something which resembles ourselves. 
It is hard and a meaningless to determine the rank of numerous human 
physical abilities according to its importance, however, there would be no objection 
on fact that is the five senses are very important. Human can sense and respond a 
change of environment around ourselves through the five senses. To date, there have 
been numerous researches which are related to artificially mimicking the ability of 
human senses by using several techniques based on electrical, mechanical, chemical 
and biological methods.  
Leaving the researches about a prosthetic eye [1], which is just mimicked 
appearance of human eye, aside, there have been great progress about artificial 




and a complementary metal-oxide-semiconductor (CMOS) sensor [2-3], and visual 
information processing techniques, based on signal process and computer 
technology, such as object tracking [4-5]. Even in the recent, there have been 
hemispherical electronic eye systems similar with real structure of the human eye. 
These systems are made by mimicking structural and functional characteristic of the 
retina, iris and crystalline lens that could not be realized in the past [6-8]. 
Of all the human senses mimicking, an artificial auditory is the oldest and the 
most mature technology. Hearing aids are one of the well-known realizations of the 
artificial auditory. Historically, the first hearing aids were created in the 17th century. 
Early hearing aids simply allowed that a user could hear louder using mechanical 
structure similar with trumpet. By the late 19th, with the telephone technology, 
electronic hearing aids were developed. Since then, have repeated developments, a 
digital type hearing aid was developed. In addition to the hearing aid, a voice 
recognition technology is being intensively researched for a robotic or a handheld 
device application [9-11]. 
The sense of olfactory and sense of gustatory have been mimicked with an 
analogous principle. A view of a distinguishing of a specific chemical molecule, 
these two senses have same purpose and functionalities. Numerous electrochemical 
sensors have been developed for artificial olfactory [12-15], and gustatory system 




capability and re-use issue, present electrochemical sensors have significantly 
enhanced sensing capabilities than olfactory and gustatory sense of a human being. 
These ‗electronic nose‘ and ‗electronic tongue‘ are used in wide application fields 
even in illness diagnosis [14]. 
However, comparing with other senses, there has been only a few 
achievements regarding realization of the artificial sense of touch. It is come from 
both morphological and functional characteristics of the human skin which senses 
the sense of touch. The human skin is largely covered onto whole surface of the 
human body, and can sense multitudinous touch which includes pressure, 
temperature, vibration and slip. 
Moreover, it can sustain its functionality of the sense of touch when it is 
compressed or stretched, and even restore its morphology and functionality itself 
under some extent of destruction. There are already many tactile or pressure sensors, 
based on micro-electromechanical systems (MEMS) and silicon technology [19-21], 
which are very superior to the human skin‘s tactile receptors. Such a good sensing 
ability however, nonetheless, there have been many difficulties to make artificial 
skin due to lack of the foregoing real human skin‘s feature such as conformability, 
stretchability, scalability and multi-functionality. 
Over the past decade, however, with rapid developments of the stretchable 




that has both morphological and functional properties which are comparable to the 
human skin. Stretchable electronics technology aims to flexible and stretchable 
mechanical characteristics of electrical devices that cannot be accomplished with 
conventional manner which is mainly based on a silicon fabrication technology [22-
24]. For attainment of the stretchability, many alternative ways have been 
researched including materials and fabrication methods. Various elastomer materials, 
which have an inherent stretchability, have been used as a substrate instead of rigid 
silicon or glass [25-26]. And electrodes have been given stretchability by using thin 
metal films that are designed to various structures [28-30], or new materials such as 
carbon nanotubes (CNTs) [31], silver (Ag) nanowire [32] and conductive composite 
materials [33]. Furthermore, organic and nanowire materials which have inherently 
flexible characteristics have used as semiconductor, and several techniques have 
been developed to minimize mechanical stress which is applied to electronic devices 
[34-35]. In addition, various solution and printing techniques, which are appropriate 
for alternative materials, have been intensively researched. Typically, stretchable 
devices show relatively deficient performance than conventional silicon based 
devices. Even though they show inferior performance than existing techniques, 
stretchable electronic devices can be easily adopted to new application area, which 
the existing silicon based devices could not be adopted to, owing to the fact that 




The Electronic skin is one of the new applications that stretchable electronics 
can have inaugurated. Techniques of Stretchable electronics have allowed making 
skin-like electronic device structures which are able to be stretched with scalability. 




1.2 Human Sense of Touch  
Where is a baseline to make the electronic skin? It is obvious that the 
electronic skin must possess at least human skin‘s capability, in terms of its purpose 
which is home service robot‘s sensor system or further alternative medical prosthetic 
skin application. In this point of view, understanding of the real human skin 
characteristics and mechanism of the sense of touch is the starting point for the 
development of the electronic skin. 
Physiologically, human have various touch sense capabilities at different sites 
on the body as shown in Figure 1.2 [36]. Most of all, It is well known that skin on 
finger tips show the most outstanding performances. For this reason, almost 
researches that are related to make an electronic skin or a tactile sensor system aim 
at having human finger tips characteristics. Whatever applications of the electronic 
skin are, it must be granted human touch sense capability. In fact, this requisite is a 
starting point where the all researches, that are related on electronic skin. In the 
following chapter, the human skin and its ability to the sense of touch will be 
concretely discussed.  
The human sense of touch is housed in the largest and heaviest of the sense 
organs: the skin, which covers an area of 1.8 m
2
 and weighs 4 kg in the case of the 





Figure 1.2 (a) Pressure sensitivity threshold and (b) two-point discrimination 





and the underlying layer, dermis, as shown in Figure 1.3. Various touch receptors are 
embedded in both the epidermis and the dermis with different densities in sites of 
the body [69]. Most of all, the skin on the hand (especially, on the finger tip) has the 
best ability to touch sense.  
 
Figure 1.3 Cross section of skin, schematically demonstrating the locations of the 






A concept of the sense of touch includes detecting heat transfer and pain as 
well as applied pressure to the skin. Human can feel external sensual stimulate by 
using various receptors which are located in the skin, as well as in mucous 
membranes, muscles, tendons and joints. Receptors act as a transduction device 
which can convert physical stimulates such as pressure and temperature into a 
electrical signal. It has been known, a human being has four types of receptors, 
tactile receptors, kinesthetic receptors, thermoreceptors, and nociceptors, 
respectively. Tactile receptors and thermoreceptors are located in the skin. However, 
kinesthetic receptors lie within muscles, tendons and joints. Nociceptors are found in 
any area of the body that can sense pain skin, muscle, joints and viscera [38].   
Receptors will be discussed with type of stimulation. 
1.2.1 Tactile Receptors 
Tactile receptors are composed of four receptor types known as Meissner 
corpuscles, Merkel cell neurite complexes, Pacinian corpuscles, and Ruffini endings. 
These are also called mechanoreceptors because they accept mechanical stimulations 
such as pressure and vibration. These four types of tactile receptors have been 
classified according to size of the receptive field and rate of adaptation. Fast-
adapting (FA) receptors respond with occurrence of action potentials when 
mechanical stimulus is applied and when it is eliminated. There are two types of FA 




units, which are characterized by a small receptive field; and Pacinian corpuscles, 
named FA II units, which are characterized by a large receptive field. Slow-adapting 
(SA) receptors continuously respond during mechanical stimulation contacts on its 
receptive field. SA receptors are categorized into two units, Merkel cell neurite 
complexes which have small receptive filed, also named SA I units, and Ruffini 
endings which have large receptive field, also named SA II units [39]. Each receptor 
has a different feature of tactile sensing, shown as below. 
1. FA I units (Meissner corpuscles) respond to low-frequency vibrations (3-40 
Hz), flutter, slip and motion [37]. They innervate the skin densely (about 140 
units/cm
2
) [71]. For example, if an object which is held by our hand begins to slip 
across our fingers, this motion on our skin will cause vibrations, and FA I receptors 
will react and calibrate our grip before miss the object.  
2. FA II units (Pacinian corpuscles) (about 20 units/cm
2
) respond to high-
frequency vibrations (40-500 Hz) which are generated when an object first make 
contact onto the skin [37, 71]. FA II receptors assist to determine temporal changes 
in skin deformation. 
3. SA I units (Merkel cell neurite complexes) (about 70 units/cm
2
) respond to 
compressive strain which especially important to recognize fine form and texture 
[37, 71]. Some activities that are particularly dependent on this receptor include 




of screw that can be felt but not be seen.  
4. SA II units (Ruffini endings) (about 10 units/cm
2
) respond to sustained 
downward pressure, and particularly to lateral skin stretch when we grasp an object 
[37, 71]. These receptors participate in finger position, motion detection to perceive 
a shape of an object. When you rich out for an object, this receptors help determine 
when our fingers are shaped properly for stable grasping.          
1.2.2 Thermoeceptor 
Thermo-receptors, which are located in both the epidermal and dermal layers 
of the skin, inform us about changes in skin temperature. There are two types of 
thermo-receptors. First, warmth fibers which fire when the temperature of the skin 
surrounding the fibers increases. Second, cold fibers which fire when the skin 
temperature decreases [37]. Thermo-receptors start its activity when we touch an 
object which is warmer or colder than the skin. We can use this thermal conduction 
information, through contact between the skin and objects, for identification of an 
object besides using a visual and texture information. 
1.2.3 Nociceptors 
Nociceptors have responsiveness of pain perception. The pain means noxious 
stimulation which cause damage or potential damage to the skin. The pain 




the pain signals, which encompass strong or sharp pressure and extreme skin 
temperatures lower than 15°C or higher than 45°C, we would be easily deprived of 
an our part of body, or even an our life. Nociceptors are composed of some fibers 
[37]. A-delta fibers respond to strong pressure or heat and they are myelinated, 
which allows them to conduct signals to the brain very rapidly. C fibers are 
unmyelinated and respond to extreme pressure, heat or cold and even noxious 
chemicals [37]. 
1.2.4 Kinesthetic Receptors 
In fact, there is one more kind of receptors, known as kinesthetic receptors. 
These are sort of mechanoreceptors which lie within muscles, tendons, and joints. 
They play an important role in sense of where our limbs are and what kind of 
movements we are making. The sense of touch includes a perception by kinesthetic 
receptors, in terms of the physiology. However, we do not consider this kind of 
sensation as a purpose for the mimicking of the human skin in this research because 
it can be artificially made to a form of individual sensor such as strain sensor, not a 
large area skin-like sensor array. 
1.2.5 Tactile Sensitivity and Acuity 
It is also important that how sensitive is the human skin to various sensations, 
as well as how many sensations can it sense. Figure 1.2(a) shows sensitivity to 




each side of the body, and women are more sensitive than men. However, these 
differences are negligible and there is a common distribution at body sites. Typically, 
pressure sensitivity of the touch receptors on the face is highest. The torso and upper 
extremities are followed [37].  
In fact, the most significant ability of the human skin, especially on finger tips, 
is that how finely we can resolve spatial details. This characteristic is known as two 
point touch threshold. The human hand can make elaborate work with a fine 
pressure spatial distribution which is gained by the skin on fingers and palm. Figure 
1.2(b) shows the minimal separation between two points needed to perceive them as 
separate, at different sites of the body [36]. Similar with the pressure sensitivity, the 
extremities show the good results. There is a little difference between each 
experimental method, however, in general, finger tips can resolve two points 
pressure which are separated in only about 3 mm. 
1.2.6 Stretchability of Human Body 
As mentioned at the beginning of this chapter, morphological characteristics 
are also important at development of the electronic skin. The most important 
morphological feature of the human skin is the stretchability. There have been many 
researches about elastic limit of the human skin. There are somewhat deference by 
experimental methods, age/sex of test subjects and anatomical region. It is known 




47]. Unfortunately, there has been no searched previous result about functionality 
limitation of the human skin under stretching condition. However, we can easily 






1.3 Transduction Principles for Electronic Skin Applications 
Many researchers have tried to mimic the human skin in terms of 
functionalities, such as pressure, temperature, and vibration, and sensitivity. As 
mentioned before, sensors for the electronic skin can be conformable which 
including flexibility and stretchability, because the electronic skin can be used at 
crumple and stretched location similar with the human skin. Elastomer based sensors 
are apposite to the skin-like structure. In fact, most of the sensors what have been 
researched for the electronic skin are based on elastomeric materials. Several types 
of sensing mechanisms for the electronic skin based on piezoresistive, piezoelectric, 
capacitive and optical devices have been used for sensing elements. Unfortunately, 
however, most of the research regarding electronic skin application has been focused 
on pressure or tactile sensing devices. Representative researches of each sensing 
mechanism are presented, as follow. 
1.3.1 Piezoresistive 
Piezoresistive type materials have been widely developed and commonly used 
for tactile sensor applications. It is also well known as conductive composites or 
conductive elastomers. Transduction principles of these materials are very simple 
and well revealed by many researchers during nearby 50 years. Typically, 
piezoresistive type materials are composed of elastomeric insulating matrix and 




according to a content ratio of conductive fillers. The conductive composite 
materials act as an elastomer when conductive filler concentrations are not enough 
certain level. However, their electrical resistivity is rapidly decreases when 
conductive filler concentrations are reached above certain level. This certain level is 
known as the ‗Percolation Threshold‘. The percolation threshold is depends on 
conductive filler properties such as type of filler material, filler size, aspect ratio and 
degree of dispersion into an elastomer matrix. Electrical characteristics of 
conductive composite materials due to an interaction between an elastomer matrix 
and conductive fillers are explained by the percolation theory. The percolation 
theory will be elaborately discussed in further chapter.  
The tactile sensing principles of a piezoresistive type materials are based on 
the change of electrical resistivity come from a mechanical deformation. Electrical 
resistivity is either decreased or increased due to electrical conduction paths are 
either constructed or deconstructed, while it is deforming by applied mechanical 
stress. Deformations of material affect spacing between adjacent conductive fillers. 
Generally, electrical resistance component of applied pressure direction is decreased 
when normal pressure apply onto the surface. The piezoresistive type conductive 
composite materials have advantage on the mimicking of the human skin; intrinsic 
properties regarding its conformability originate from elastic matrix as well as low 




regarding characteristics observation of the conductive composite itself by 
environmental variables, such as pressure and temperature, and its mechanisms. In 
contrast, there have been insufficient researches about application of the conductive 
composite materials. As mentioned before, this lacking in application development 
derived from immaturity of relation technologies. In the past decade, however, 
stretchable electronics technology have been rapidly developed, accordingly many 
applications, especially regarding the electronic skin, have been presented.  
Someya et al. developed conductive composite based electronic skin which 
can detect applied pressure [48]. This electronic skin can express spatial distribution 
of applied pressure by using OTFT (organic thin film transistor) array on a plastic 
substrate which is laminated onto conductive composite sheet. However, it can only 
sense pressure information and has flexibility not stretchability. For solve these 
limitations, they used net-shaped conductive composite to give stretchability, and 
added organic diodes as temperature sensors [49]. It has been still remained as an 
one of few researches which can sense applied pressure and temperature 
simultaneously and be stretched, although it has problems such as complex 
fabrication method and performance non-uniformity among sensing cells.   
National Taiwan University presented flexible electronic skin which is 
composed of patterned conductive composite as pressure sensor and commercially 




dispensing process for conductive composite patterning is too complex and its 
output is not efficient to enhance the uniformity. Additionally, rigid bulky IC chips 
are not adequate in conformal applications. Same research group in National Taiwan 
University, developed piezoresistive material based temperature sensor array on a 
flexible polyimide film by using same fabrication method above [51]. 
Recently, researchers of University of California, Berkeley developed 
conductive composite and nano-wire active matrix based electronic skin which is 
capable of pressure sensing [52]. It has 2.5 mm spatial resolution and low operating 
voltages. They also demonstrated net-shaped type stretchable electronic skin with 
pressure sensing capability. 
The piezoresistive type elastomeric sensor is the simplest way to sense 
medium range of pressure (10-50 kPa). However, it shows some weaknesses 
regarding fundamental sensor characteristics such as hysteresis and temporal 
response. Also, there has been few researches about its application as temperature 







Piezoelectric materials generate electric charges when it experience a 
mechanical stress by virtue of an applied force. This phenomenon is named 
piezoelectricity.  
The piezoelectric effect is a reversible process which can transform either 
mechanical stress into electrical signal (generation of electrical charge resulting 
from an applied mechanical stress) or the opposite (generation of a mechanical 
movement resulting from an applied electric field). Piezoelectric materials have been 
used to many application fields such as sensors, actuators and even energy devices. 
Piezoelectric materials show very good sensitivity to applied pressure. And also 
piezoelectric materials based on polymers are show good conformability.  
Polyvinylidene fluoride (PVDF) is the most commonly used in flexible tactile 
sensor applications due to not only its good as pressure sensor characteristics but 
also mechanical characteristics such as inherent flexibility, dimensional stability and 
low weight [53]. There have been many researches about PVDF and its copolymers 
based tactile sensor systems since Dario et al. [54]    
Dahlia et al. presented piezoelectric material (PVDF-TrFE) based skin-like 
sensor array [55-56]. The sensor array is composed of 32 sensing elements and 
shows a linear response to applied pressure in the range of 0.02-4 N and a high 
pressure sensitivity with a 0.2 V/N and 0.4 V/N for 25 µm and 50 µm thickness of 




problem is arisen between adjacent sensing elements due to electrically connection 
of the whole inside PVDF-TrFE film. For reducing cross-talk problem, piezoelectric 
film is directly spin coated onto FET devices. In this way, each sensor cells shows a 
linear response in the range of 0.2-5 N and a pressure sensitivity of 0.5 V/N with 
reducing cross-talk issue. 
In spite of superior sensor properties, the piezoelectric materials including 
PVDF have a major drawback besides highly dependency of temperature which has 
been well known [57]. It is a transient response to applied mechanical stresses. A 
pressure sensor which is based on the piezoelectric material response only when a 
pressure is first applied. This characteristic is very unfit to develop the electronic 
skin which must distinguish between a static and a transient pressure. 
1.3.3 Capacitive 
A capacitive type sensor, which has been developed for electronic skin 
application, is composed of parallel two electrodes and dielectric material which are 
located between electrodes. Elastomers can be used as dielectric materials or elastic 
substrates. Capacitance which is build up between two electrodes changes when the 
elastomer is deformed by applied mechanical stress.  
Cotton et al. have demonstrated stretchable multifunctional sensor based on 
gold thin films embedded in poly (dimethylsiloxane) (PDMS) [68]. This sensor can 




have not yet shown large area implementation with having a spatial resolution.  
Recently, a highly sensitive stretchable pressure sensor array has been 
demonstrated by Mannsfeld et al [59]. They used micro-structured PDMS layer as 
dielectric layer. The micro-structured capacitive sensor was more sensitive than the 
unstructured one; even it can sense a fly on the sensor. Moreover, its temporal 
response was better than the unstructured sensor. The micro-structured capacitive 
sensor shows 100 ms below temporal response compared to 5 s for the unstructured 
sensor. These type of sensors attained highest pressure sensitivity among elastomeric 
based sensors, however, there still have been some problems. Although, signal to 
noise ratio is significantly increased by fabricating as thin as a few micrometers 
compared to past elastomeric capacitive sensors, it must be problem when arraying 
large numbers of sensors because a baseline capacitance is still quite low, about 1 pF. 
Besides, it has aimed observation of monotonic capacitance variation by only an 
applied pressure, which is limited narrow range, not other factors such as 
temperature. Furthermore, it is hard to distinguish between pressure and tensile 
strain, structurally.  
 It is known that one of the major challenges with using a capacitive 
elastomeric sensor system is limitation of spatial resolution, as described by Tee et al 
[60]. Because absolute scale of output capacitance is proportionally to overlapping 




in high spatial resolution condition, will bring about some major problems. While 
these small value of output capacitance can be read by a high performance readout 
circuitry, this approach is not adequate due to some reasons including cost and noise 
issues in large area application which is prerequisite for developing of the electronic 
skin. 
1.3.4 Optical 
The aforementioned transduction principles for electronic skin application 
have been mainly based either electrical or electrochemical mechanisms. Recently, 
however, there is interesting new type of elastomeric sensors which use an optical 
mechanism. Typically, optical sensor systems detect the change in light intensity to 
detect pressure or strain. 
Heo et al. presented 3 x 3 flexible tactile sensor array using fiber Bragg 
gratings (FBG) [61]. They demonstrated two types of sensor arrays. First one is a 
large area with low spatial resolution, similar with human body skin. Second one is a 
small area with high spatial resolution, similar with human finger tips. In the case of 
a second one, it has pressure resolution as low as 0.001 N with the spatial resolution 
of 5 mm. And, they also demonstrated a flexible optical sensor using the micro-
bending optical fiber (MBOF) [62]. The Light loss is occurred in the optical fiber 
when the optical fiber was bended. Especially, when the optical fiber‘s radius of 




significantly increased that it can be useful for applied contact force sensing. By 
using this mechanism, they presented 8 x 8 flexible tactile sensor array which is 
based on MBOF. 
There is another optical method which can detect mechanical force by 
modulate of light direction in waveguide. Ohka et al. developed optical three-axis 
tactile sensor which is able to acquire normal and shearing force, with the aim of 
mounting it on a robotic finger [63]. The tactile sensor is based on the principle of an 
optical waveguide mechanism, which is composed of an acrylic hemispherical dome, 
a light source, an array of rubber sensing elements, and a CCD camera. It shows 
high repeatability when 1000 cycles of load-unload experiment, with the respective 
error of the normal and shearing forces was 2 and 5%. Similar with this mechanism, 
Koeppe et al. demonstrated waveguide touch pad system, which is composed of 
PDMS as a waveguide and PEDOT:PSS based large area organic photodiode [64]. 
This optical sensor is able to detect applied pressure over about 5 N with a 
sensitivity of 250 nA/N.  
Optical sensor has some important advantages, especially in tactile sensor 
application. It shows high selectivity. That means, optical sensors are less affected 
by undesired environmental changes such as temperature, electromagnetic and 
chemical effect, distinct from other type of sensing mechanisms. When it is made to 




being highly sensitive to bending deformation, optical fibers are not adequate in case 
of flexible condition. As mentioned before, characteristic of light loss due to micro-
bending can be used for pressure sensing. However, it also shows light loss in 
macro-bending situation which is caused when optical fiber is bended more than its 
allowed radius of curvature. Generally, it is well known that the radius of curvature 
of the single-mode optical fiber must be more than 25 mm [65-67]. When the optical 
fiber is bended under 25 mm radius of curvature, bending modifies the guiding 
properties of optical fibers causing light loss increasing, especially toward long 
wavelengths,. In most cases, the macro-bending in the field of optical elastomeric 
sensor application is happened under an unexpected deformation such as bending at 
joint movement location and crushing by external force. These optical signal 
alterations by the unexpected deformations affect conformability of the electronic 




1.4 The Goal and Outline of This Thesis 
There are many kinds of transduction principles for electronic skin application. 
Table 1.1 shows transduction principles and some representative researches about 
electronic skin applications that were mentioned in previous sections. As shown in 
the table, almost researches have focused only on mimicking the tactile receptors to 
develop the electronic skin. However, as mentioned at the beginning of this chapter, 
the electronic skin must possess sensing abilities of the human skin including tactile, 
temperature and pain perception. Moreover, deformable characteristic is also 
important. The electronic skin must maintain its functionalities even under stretching 
condition as well as bending.  
According to our preliminary study, conductive composite materials based on 
the piezoresistive principle have the most required conditions for mimicking the 
human skin including multi sensing capability, spatial resolving property under 5 
mm, and mechanically stretchable characteristics. In this point of view, the 
piezoresistive type conductive composite materials are most suitable candidate for 
the electronic skin application. However, there are some disadvantages comparing 
with other transduction mechanisms such as low sensitivity or cross-talk issues. 




Table 1.1 Comparison of transduction principles and applications for electronic skin  
Transduction 
Principle 
Advantages Disadvantages Ref. 
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This thesis studies characteristics improvement method for conductive 
composite material and fabrication technique of a pressure/temperature integrated 
stretchable sensor array based on conductive composite material for electronic skin 
application. Chapter 2 will elucidate electrical characteristics improvement for the 
conductive composite material by using a magnetically conductive aligning method. 
Chapter 3 will present fabrication of the pressure/temperature integrated stretchable 
sensor array based on conductive composite material based on a modified 
magnetically aligning and patterning method. Furthermore, Chapter 4 will elaborate 
magnetically aligned conductive composite for stretchable electrode application. 
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Nickel Conductive Composite Material : 
Characteristics Enhancement by 
Magnetic Aligning Method 
2.1 Introduction 
As briefly introduced at Chapter 1, the conductive composite materials are 
well known as one of the piezoresistive type materials. Generally, the conductive 
composite materials are composed of electrically insulating matrix and conductive 
filler. The conductive fillers that can be added into the insulating matrix include 
various carbonaceous particles (carbon black (CB) [1-2], carbon fibers (CFs) [3-4], 




graphite nano-sheets [10], and graphene [11-12]) and most metals (aluminum [13], 
cobalt [14], copper [15-16], gold [17-18], iron [13] and its oxidized substances [20-
22], nickel [23-25], silver [26-27], and zinc [28-29]), and metal based nano-fibers 
[30] and nanowires [31-32]. By compounding of these conductive fillers into the 
insulating matrixes, the insulating matrix is given electrical conductivity.  
Elastomer materials, such as poly (dimethylsiloxane) (PDMS) and 
polyurethane (PU) which can be elastically deformable, have been generally used as 
an insulating matrix in the field of sensor application. Elastic deformation of the 
elastomer materials can be occurred due to various environmental factors such as 
applied force, temperature variation and infiltration of specific chemical molecules. 
According to directions of deformation, such as compression or expansion, electrical 
characteristics are varied with construction or destruction of conductive paths. This 
has led to the development of the conductive composite materials for applications as 
pressure sensors [33], temperature sensors [34-35], and chemical sensors [36]. For 
sensor applications, the conductive composite materials are prepared with 
conductive filler volume with certain level. In this condition, conductive composite 
materials have sensitive characteristics by various environmental factors with the 
electrical conductivity [37]. 
The electrical characteristics of the conductive composite materials can be 




Most simple explanation for the conductive path formation in the conductive 
composite materials is related with a volume fraction of the conductive fillers. It can 
be easily inferred that more conductive paths are formed with more conductive 
fillers. The electrical conductivity of the conductive composite material will be more 
increased, if more conductive paths are formed. However, the electrical conductivity 
variation with the volume fraction of the conductive fillers does not show directly 
proportion characteristic. When the volume fraction of the conductive fillers is not 
reached at a specific level, the conductive composite materials show fully insulating 
properties.  
The electrical conductivity of the conductive composite materials is given as a 
power-law relationship, follows in Equation (2.1) [38]: 
𝜎 =  𝜎0(𝑉𝑓 − 𝑉𝑐)
𝑠                (2.1) 
where σ is the electrical conductivity of the conductive composite materials, σ0 is the 
electrical conductivity of the conductive filler, Vf is the volume fraction of the 
conductive filler, Vc is the percolation threshold, and s is a conductivity exponent. 
However, there are more factors that can affect the electrical conductivity of the 
conductive composite materials such as geometrical shape of the filler particle, 
particle orientation in the insulating matrix, polymer-particle interaction, and a 




a constant, varies with each different type of conductive composite system [39]. 
As mentioned before, a behavior of the electrical conductivity variation with 
the conductive filler volume fraction is divided in three ranges, as shown in below 
Figure 2.1 [40]. 
 
Figure 2.1 Typical dependences of electrical conductivity on conductive filler 





The conductive composite materials show electrically insulating property 
when the conductive filler volume fraction is below the percolation threshold (Vc or 
φc1). When the conductive filler volume fraction is above the percolation threshold, 
conductive paths are formed in the conductive composite materials and it becomes 
electrically conductive. And the electric conductivity is rapidly increased until the 
conductive filler volume fraction is reached at certain level that is above the 
percolation threshold. This sharply increasing range (φc1<φ<φc2) is called the 
smearing region [41]. The maximum conductivity is attained at the certain level of 
the filler volume fraction that is above the percolation threshold [42]. 
In spite of simple transduction mechanism and fabrication method, there are 
some critical problems of the conductive composite materials for high performance 
sensor applications, such as a low electrical conductivity and a location of a dynamic 
range. In cases of pressure or tactile sensors based on the conductive composite 
materials, these sensors cannot well detect a low to medium pressure range (0-100 
kPa), which is an important for mimicking the human skin, because dynamic ranges 
are generally located at a high pressure region (~MPa). This is due to the low 
electrical conductivity and a narrow range of the smearing region. Another problem 
is that the conductive composite materials show severe hysteresis characteristic 
under a repeat operation due to a viscoelastic property of the elastomer matrix [50]. 




conductive composite materials [43-49]. According to the previous researches, 
conductive filler size, shapes, its distribution in the elastomeric matrixes and so on 
are most important factors that affect to aforementioned problems. Furthermore, an 
interface interaction between the elastomer and conductive filler is also important. 
Most extensive research trend to solve the problems is that using new type of 
conductive fillers such as CNTs, nanowires, or its compounds. Recently, some 
remarkable results have been reported that show the high electrical conductivity by 
using specially treated materials such as silver nano-particle attached CNTs [51-54]. 
In view of practical use, however, they require a complex fabrication process and a 
high cost to attain a high initial electrical conductivity. Large-area fabrication is an 
essential factor for making an electronic skin. In this point of view, more practical 
approach is needed for realization of the electronic skin. 
In this work, spherical-shape nickel micro particle and PDMS, which are 
easily approachable materials, were used as the conductive filler and the elastomeric 
matrix, respectively. Furthermore, magnetic field exposure method was used for 
shape modification and aligning of the nickel conductive filler. In the following 
sections, magnetic field exposure effect will be analyzed by the effective medium 
theory and shown by experimental results. Further, electrical characteristics 
improved nickel conductive composite materials were used as pressure and 




2.2 Theoretical Analysis with the Maxwell Theory and the 
Effective Medium Theory  
Under the external magnetic field, nickel particles are aggregated along the 
magnetic field direction. Through this process, randomly distributed nickel 
conductive fillers become a highly ordered structure which has high axial ratio. 
According to the previous researches, a structure of the conductive filler is one of 
important factors that can affect to percolation threshold. Theoretically, the higher 
axial ratio structure, the less percolation threshold is predicted. 
According to Xue [55], an effective conductivity of metal-polymer composite 
material can be calculated by using the Maxwell theory and the Effective medium 
theory. This calculation can consider influence of the filler aligning effect as well as 
the shape and size. For simplicity, we assume elastomeric matrix is compound of 
spherical particles and all the conductive fillers are the elliptical particles whose 
axial ratio is M (𝑀 =
𝑎+𝑡
𝑏+𝑡
), where a, b, c(=b) are the radii. In this condition, the 
effective conductivity of the metal-polymer composite material can be expressed as 
(1 − 𝑉𝑒) ∙  ∑
𝜎𝑒𝑓𝑓,𝑘𝑘 − 𝜎𝑚,𝑘𝑘









where Ve are the total effective volume fraction of the metal particles; 𝐿𝑚𝑖,𝑘 and 
𝐿𝑐𝑗,𝑘 are the depolarization factors of the ith matrix particle and the jth complex 
metal particle along k axis (k = x, y, z); 𝜎𝑒𝑓𝑓, 𝜎𝑚, 𝜎𝑐 are the effective electric 
conductivity of the conductive composite material, electric conductivity of the 
matrix and the filler, respectively; 𝐿𝑚 and 𝐿𝑐 are the depolarization factors of the 
matrix and the filler, respectively.  
In Equation (2.2), depolarization factors 𝐿𝑚  and 𝐿𝑐  can be varied with 
particle shapes. According to Giordano [19], the depolarization factors along each 
axes can be expressed below 
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where 𝑎𝑥, 𝑎𝑦 and 𝑎𝑧 are the axes of the particles. When we assume elliptical 
particles, (0 <  𝑎𝑥 ≤  𝑎𝑦  ≤  𝑎𝑧, 0 < e =  
𝑎𝑥
𝑎𝑦
 ≤ 1 and 0 < g =  
𝑎𝑦
𝑎𝑧
 ≤ 1; e and g 










𝐸(𝑣, 𝑞)            (2.6) 
𝐿𝑦 =  
𝑒(1− 𝑒2𝑔2)
(1− 𝑒2)(1− 𝑔2)√1− 𝑒2𝑔2
𝐸(𝑣, 𝑞) − 
𝑒𝑔2
(1− 𝑔2)√1− 𝑒2𝑔2
𝐹(𝑣, 𝑞) − 
𝑒2
1− 𝑒2
   (2.7) 
𝐿𝑧 =   
𝑒𝑔2
(1− 𝑔2)√1− 𝑒2𝑔2
[𝐹(𝑣, 𝑞) − 𝐸(𝑣, 𝑞)]              (2.8) 
Where 𝐹(𝑣, 𝑞) and 𝐸(𝑣, 𝑞) are the elliptical integrals. 
When we consider once again, all the polymer matrix particles are sphere, and 
all the metal fillers are the same rotational elliptical particles whose axial ratio is M 
(𝑀 =  
𝑐+𝑡
𝑎+𝑡
), where a, b(=a), c are the radius of each axes. In this condition, 𝐿𝑚𝑖,𝑘 
and 𝐿𝑐𝑗,𝑘 are defined as, 
𝐿𝑚,𝑥 =  𝐿𝑚,𝑦 =  𝐿𝑚,𝑧 = 1 3⁄                 (2.9) 
𝐿𝑐,𝑥 =  𝐿𝑐,𝑦 =  
1− 𝐿𝑐,𝑧
2
                   (2.10) 












∙ cos−1 𝑀 ,                                𝑀 < 1,
    (2.11) 
We may verify that 2𝐿𝑥 +  𝐿𝑧 = 1 for any value of M. Equation (2.11) 




shows depolarization factors of a prolate ellipsoid which is stretched along z-
direction.  
 





Finally, substituting Equations (2.9)-(2.11) into Equation (2.2), the effective 
electric conductivity of the metal-polymer composite is defined as, 
9(1 −  𝑉𝑒) ∙
𝜎𝑒𝑓𝑓 − 𝜎𝑚








] = 0    (2.12) 
The electric conductivity of the metal–polymer composite is given by Equation 
(2.12). Figure 2.3 shows dependency of the percolation threshold with filler shape 
and orientation, based on Equation (2.12).  
 





2.3 Materials and Fabrication Method 
Poly (dimethyloxane) (PDMS: Sylgard 184 from Dow Corning) was used as 
base material. And nickel powder(from Sigma Aldrich) was used as conductive filler 
which diameter is <150μm. PDMS base was mixed with hardener at 10:1 weight 
ratio. And then nickel powder was mixed into PDMS. Each PDMS/nickel composite 
material was mixed during at least 10minutes. After mixing, PDMS/nickel 
composite material was moved in vacuum chamber for degassing. Degassed 
PDMS/nickel composite material was poured onto flat aluminum mold. After the 
aluminum mold seal up, two neodymium permanent magnets were attached on top 
and bottom side of the aluminum mold. In this structure, magnetic field from the 
permanent magnets induced through the aluminum mold. While the magnetic field 
induced, nickel powder inside the PDMS mixture was aligned along the magnetic 
field direction. PDMS/nickel composite material was exposed to the magnetic field 
during 10 minutes. After finish exposing magnetic field, aluminum mold was moved 
on a hot plate and then cured. Curing condition is 10minutes at 150 C. Figure 2.4 












2.4 Results and Discussions 
2.4.1 Optical Microscope Measurement 
Figure 2.5 shows optical microscope images of nickel/PDMS mixture while 
the nickel inside the PDMS was aligned along with direction of external magnetic 
field. To make sure smooth moving of the nickel particles, nickel/PDMS was not 
cured. The uncured mixture was sealed between two sheets of slide glasses.   
 
Figure 2.5 Optical microscope images of uncured nickel/PDMS mixture (Ni 5 wt.%) under 
external magnetic field during (a) 0 second, (b) 3 second, (c) 10 second, (d) 30 second, (e) 1 
minute, (f) 3 minute, (g) 5 minute, and (h) 10 minute. Direction of the magnetic field is 




2.4.2 Electrical Characteristics 
Figure 2.6 shows comparing of the percolation threshold variation with the 
magnetic field exposure time for 10 second, 1minute, 10 minute, and bare composite 
material. In case of the bare composite material, it showed nearly insulator 
characteristics until around 30 vol% of nickels, and then its percolation threshold 
was formed at slightly above 30 vol% of nickels. Further, resistivity was rapidly 
decreased until 40 vol% of nickels. Magnetically aligned conductive composite 
which was exposed to the magnetic field for 10 second showed a similar tendency 
 





with the bare conductive composite material. However, magnetically aligned 
conductive composite materials which were exposed to the magnetic field over 1 
minute showed definitely different percolation thresholds and tendencies. These 
materials showed sharply reduced percolation threshold around 5 vol% of nickels 
and wide range of the smearing region.  
To verify an effect of electrical characteristics improvement on sensor 
application, magnetically aligned conductive composite materials were prepared 
with various thicknesses of 250-μm, 500-μm, 750-μm, and 1-mm. All samples were 
made with the magnetic exposure in 10 minute. Figure 2.7 shows pressure sensing 
characteristics of the magnetically aligned nickel conductive composite materials. 
Resistance change was measured under continuously applied pressure changing 
condition with home-made pressure apply machine and Keithley 2400.  
Due to the low young‘s modulus of PDMS, when pressure is applied on the 
conductive composites, the nickel conductive filler which in the composites comes 
into contact with one another in the composite more easily and a conducting path is 
formed, and vice versa. Because of this characteristic, when composite is pressed by 
external force, composite‘s bulk resistance decreases compared to the initial state. 
On the other hand, when the pressure is released, composite‘s bulk resistance 





Figure 2.7 Pressure sensing characteristics of magnetically aligned nickel 
conductive composite materials. (a) Resistance changes in terms of applied pressure 
(Inset: non-aligned nickel conductive composite materials) and (b) sensitivities 





There was thickness dependency for applied pressure. Dynamic range became 
wider when the conductive composite film was thicker. Furthermore, minimum 
detectable pressure became slightly lower when the conductive composite film was 
thinner. 1-mm thick samples showed pressure sensitivity over seven orders with 
dynamic range from 10 kPa to 50 kPa. 250-μm thick sample showed pressure 
sensitivity over four orders with dynamic range from 7 kPa to 20 kPa. All sample 
showed monotonic resistance variations against the applied pressure.  
Similar to pressure dependency, conductive composite material also has an 
electrical characteristic where resistance changes depending on external temperature. 
Volume of the PDMS is easily changed by ambient temperature change due to that 
the PDMS has a large coefficient of thermal expansion of about 310 µm/m-°C or 
ppm. This property is also applied to the conductive composite material which based 
on the PDMS. When ambient temperature increases, volume of composite is 
increased and conductive path is disconnected. Then resistance is increased.  
To measure the temperature characteristic of the magnetically conductive 
composite materials, we set the temperature changing environment by hotplate. We 
measured at 25°C to 80°C, and each increment was 5°C. Figure 2.8 shows the 
response of the temperature sensor to the external temperature change. 250-μm thick 







Figure 2.8 Temperature sensing characteristics of magnetically aligned nickel 
conductive composite materials. (a) Resistance changes in terms of external 






In this chapter, by using the magnetic aligning method, we successfully 
demonstrated high performance nickel based conductive composite materials. Filler 
aligning effect was theoretically analyzed by using percolation theory and effective 
medium theory. The magnetically aligned conductive composite material shows 
lower percolation threshold and higher pressure and temperature sensor 
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Scalable and Stretchable Fully 
Integrated Pressure/Temperature 
Sensor Array with Magnetically 
Aligned and Patterned Nickel 
Conductive Composite Material 
3.1 Introduction 
Implementation of electronic artificial skin has been widely studied, from 
basic concept [1-3] to prototypes [4-6], for potential applications in robot 
engineering and prosthetic replacement. Artificial skin plays a key role of sensing 
external environment, such as pressure and temperature, and delivering transformed 
signals either to robot control or human nerve system. No matter what applications 




sensitivity [12]. Although several types of sensing mechanisms based on resistive 
capacitive and optical devices have been used for sensing elements, unfortunately 
most of the research has been focused on pressure sensing devices.  
In order to truly mimicking human skin, artificial skin at least needs to contain 
both pressure and temperature sensing elements in an array format. In fact, a couple 
of trials have been attempted to integrate sensing both elements onto single skin. 
Combination of commercial temperature sensing chips with printed pressure 
sensitive resistor or assembly of separately fabricated sensor arrays of each type [5] 
has been demonstrated. These hybrid type integration or assembly approach renders 
rather complicated processes and thus increases fabrication cost. 
For sensing elements, conductive composite materials have been commonly 
used [7, 8, 14-18], whose resistance changes as geometrical dimension changes with 
applied pressure or temperature. In most cases, the conductive composite materials 
have been used only for single type of sensing element, either pressure or 
temperature [14, 17] sensor. It is challenging to differentiate two type of sensing part 
in one substrate with single conductive composite material and to independently 
read out each signal. Therefore, there have been no reported researches on using 
single conducting composite materials to a multi-sensing device. 
In addition, the conductive composite materials were typically fabricated "on" 




fabricated on the substrate [4, 5, 13, 19]. Therefore, there can be limitation in 
selection of materials and device structure, and process incompatibility that can 
makes mass manufacturing of the active-matrix sensor arrays difficult. However, 
when the sensor arrays are separately fabricated by embedding the sensing elements 
in the substrate, they can be easily incorporated into passive-matrix system or can be 
simply laminated on the separately fabricated active-matrix circuitry, as in case of 
the electronic paper front-plane technology. 
In this chapter, we report a simple fabrication method of integrated 
pressure/temperature sensor arrays by embedding conductive nickel (Ni) particles in 
poly (dimethyloxane) (PDMS) medium. The pressure and temperature sensing parts 
are formed in one pixel but have different heights, which are implemented by 
introducing a corrugated structure to Ni/PDMS composite with a pre-patterned 
aluminum mold. Since Ni particles are ferromagnetic materials, we also patterned 
them by exposing Ni/PDMS to patterned magnetic fields produced with pre-
patterned iron structure (we will call the structure "magnetic field modulator"), 
resulting in an embedded Ni dot array. Magnetic field exposure helped both lateral 
patterning and vertical particle alignment, which directly improved sensitivity and 
linearity of the sensor. Independent and stable read-out signals for pressure and 
temperature sensors are successfully obtained even under repeated measurements. 




by changing particle concentration and device physical dimension, easy scaling-up 
to large area by seamlessly bonding small arrays or using large-area magnetic field 
modulator, and potential implementation of the sensor front-plane for active-matrix 
backplane read-out circuitry. Artificial skin passive-matrix system and active-matrix 
front-plane with about 10 ppi resolution with the integrated 16 by 16 pressure and 15 





3.2 Materials and Fabrication Method 
Poly (dimethyloxane) (PDMS: Sylgard 184 from Dow Corning) was used as 
base material. And nickel powder(from Sigma Aldrich) was used as conductive filler 
which diameter is <150μm. Figure 3.1 shows Fabrication processes of stretchable 
sensor array. PDMS base was mixed with hardener at 10:1 weight ratio. And then 
nickel powder was mixed into PDMS at 30wt.%. Each PDMS/nickel composite 
material was mixed during at least 10minutes. After mixing, PDMS/nickel 
composite material was moved in vacuum chamber for degassing. Degassed 
PDMS/nickel composite material was poured onto aluminum mold. After aluminum 
mold seal up, designed magnetic field modulator were attached on top and bottom 
side of aluminum mold. The magnetic field modulator has 481 tips (for 16 by 16 
pressure sensor array and 15 by 15 temperature sensor array). Each tip has 1mm by 
1mm area, and between the two closest tips distance is 1.77mm (=14dpi). And two 
neodymium permanent magnets were attached on outside of the each magnetic field 
modulator. In these all structure, magnetic field from permanent magnet was 
induced in each tips confront area through the aluminum mold. In this situation, 
nickel powder which was into the PDMS moved to the magnetic field induced area. 
Moving nickel powder by the patterned magnetic field means each sensor cell 
separate perfectly. Patterned magnetic field help cell separation as well as nickel 
powder align vertically in the PDMS elastomer. Vertically aligned sensor shows 




arranged sensor. PDMS/nickel composite material was exposed to the patterned 
magnetic field during 10 minutes. After finish exposing magnetic field, aluminum 
mold was moved on a hot plate and then cured. Curing condition is 10minutes at 150 
C. After curing, sensor sheet which has 481 sensor cells was completed. Each 
sensor cell size is 1mm by 1mm area. And pressure, temperature sensors thickness 
are 0.75mm and 0.25mm, respectively. Figure 3.2 shows Image of as-fabricated 
sensor array without electrodes. As a reference we fabricated same size sensor sheet 
but it was not exposure to magnetic field which means nickel powder was randomly 
arranged. To measure the sensor characteristics, we used printed silver electrode by 
inkjet printer (Dimatix 2800 series) on plastic substrate. To obtain good adhesion 
between printed silver electrode and sensor surface, we introduced large surface 
roughness on the sensor surface.
20
 To introduce surface roughness on the sensor 
sheet, we use roughened aluminum mold which was made by wire-electro 
discharging machine (wire-EDM) method. The surface roughness was 1 to 1.5 μm in 
root-square-value and 4 to 6 μm in peak-to-valley value measured by atomic force 
microscopy (AFM) in non-contact mode. Resistance was measured by Keithley 
2400. Pressure applied to the sensor cell by home-made machine with in-situ 






Figure 3.1 Fabrication processes of stretchable sensor array. (a) Nickel/PDMS 
mixture casting onto aluminum mold. (b) Nickel filler arranging and patterning by 
the magnetic field modulator. (c) Cured sensor array. (d) Inkjet-printing of silver 





Figure 3.2 (Top) Image of as-fabricated sensor array without electrodes. (Bottom 






3.3 Finite Element Analysis for Patterning and Mechanical 
Characteristics  
Feasible limit of the magnetically patterning method is a one of the important 
consideration. It is not easy to control shape of magnetic field precisely and 
minimum feature size or pitch of the patterned conductive composite is very 
important for various applications. Indeed, we are trying to develop better ways to 
improve the minimum feature size but for now, we are using field modulator to 
make patterns, whose shape and pattern will determine the final patterned 
conductive composite's shapes. Based on our electro-magnetic field simulation result 
that is based on the finite element analysis (FEA) (by the Maxwell 12 from ANSYS 
Ansoft), there are major parameters that determine minimum feature size of the 
patterned shapes on the assumption that all patterned shapes are square, such as line 
width (W) and spacing in between (S), (or pitch (P)), and thickness (T) of the 
patterned conductive composite. For the electro-magnetic field simulation, we 
prepared simplified model of the magnetic field modulator which is able to 
patterning of 13 square cells. Each pattern shape is 1000 μm by 1000 μm square 






Figure 3.3 Simplified magnetic field modulator model for the electro-magnetic field 
simulation by using the MAXWELL 12, which is able to patterning of 13 square 
cells with 1000-μm width (W) and 770-μm spacing(S). (a) Side view of two face to 




Based on our analysis, achievable minimum value of W and S (or P) is 
determined by the magnetic field distribution under the field modulation edges and 
closely related to T. When T is much larger than W, fillers are located at top and 
bottom area without being connected to each other. When T is much larger than S, 
lines can be connected to each other due to spreading of the magnetic field in the 
lateral direction. To verify the effect of the T, we accomplished the magnetic field 
simulation by using the simplified magnetic field modulator model with different 
values of T of 100um, 200um, 500um, 1000um, 2000um, and 5000um. Magnetic 
sources were two neodymium magnets with the coercivity of 890000 A/m. A shape 
of the each magnet was a box with area of 50 mm
2 
square and thickness of 10 mm. 
Detail solution setup of the electro-magnetic simulation is a magneto-static with 20 
numbers of passes and 0.1 percent error. Magnetic flux density [B] distributions of 
the electro-magnetic simulation are plotted in Figure 3.4. If the magnetic field 
exposure time is fully sufficient, the magnetic field gradient is more important than 
strength. When we compare the magnetic flux density distributions with different 
thicknesses, we can find a definite characteristic that the thickness of the patterned 
conductive composite increases, the shape of the pattern is a vaguer, as shown in 
Figure 3.4 (e) and (f). According to the electro-magnetic field simulation, we cannot 
definitely distinguish pattern by pattern above the thickness of 2000 um, when the 













Figure 3.4 Magnetic flux density [B] distributions of the electro-magnetic 
simulation (by MAXWELL 12 from ANSYS Ansoft) with different values of T of (a) 




Therefore, theoretically, if we can reduce T as much as we can and we can 
focus the magnetic field (or we can produce the field modulator with edge 
dimension for W and S) to the similar scale of T, we can achieve smaller feature size 
(finer line patterns with fine spacing in between). However, since we think that 
particle size of the nickel may affect the maximum T needed for particle movement 
during the patterning process, the feasible minimum pattern size could be larger than 
the theoretical value. In addition, practically, it is hard to produce iron field 
modulator with very fine feature. In current work, T can be relatively easily 
controlled by the mold thickness. However, control of the W and S (or P) is much 
harder than T because they depend on geometry of the field modulator. The field 
modulator that was used in this work had been made by Electrical Discharge 
Machining (EDM) method. At present, as far as we know, EDM method has a 
limited resolution around 100 μm, in case of high aspect-ratio structure like our field 
modulator. If we can make a field modulator with finer pattern structure, we believe 
that we can further reduce the minimum feature size, considering the size (~5 μm) of 




When sensor cells are patterned in the PDMS matrix, there is another 
advantage in point of the stretchability of the sensor array beside cross talk and 
fabrication issues. Conductive composite materials show a resistivity variation by 
tensile strain as well as applied pressure. An elongation by an uniaxial tensile strain 
and a compression by an applied pressure with a transverse direction to the applied 
uniaxial tensile strain cause a similar effect to a resistivity variation along the 
applied pressure direction.  
This phenomenon can be explained by the Poisson‘s ratio. The Poisson‘s ratio 
is the ratio of lateral contraction to longitudinal elongation. When a material is 
expanded (or compressed) in one direction, it usually tends to compress (or expand) 
in the other two directions perpendicular to the direction of expansion (or 
compression). We observed this phenomenon with two dimensional finite element 
analysis (2D-FEA) by using COMSOL MULTIPHYSICS from COMSOL 
Incorporation. To investigate the effect of magnetically patterning, we examined two 
different simplified models as compared with real fabricated one. First model is a 
sheet of a conductive composite material, that is composed of PDMS and 66.7 wt% 
of homogeneously mixed nickel, with 10-mm length, 10-mm width, and 250-um 
thickness. Second FEA model is also shown in Figure 3.5(a). Second model is a 
sheet of PDMS including magnetically patterned 13 conductive composite cells. 




10-mm length, 10-mm width, and 250-um thickness and each conductive composite 
cell have 1-mm length, 1-mm width, 250-um thickness and cell‘s pitch is 1.77 mm. 
The FEA model for patterned conductive composite including cell arrangement is 





Figure 3.5 Finite element analysis (FEA) models for the tensile test. (a) Model for 
the sheet of bare conductive composite with 66.7 wt% of nickel fraction. 
Dimensions are 10-mm length, 10-mm width, and 250-um thickness. (b) Model for 
the sheet of patterned conductive composite. Effective nickel fraction of each 
patterned conductive composite is 66.7 wt%. Dimensions of the sheet are 10-mm 
length, 10-mm width, and 250-um thickness, and patterned conductive composite 




To input physical parameters for FEA simulation, we measured physical 
properties of our materials such as the Young‘s modulus by tension test, as shown in 
Figure 3.6. The Young‘s modulus is measured with slightly differences as a 
measuring condition or details of the sample. Particularly, the Young‘s modulus of 
the PDMS is affected by various dependent factors such as a baking temperature and 
time, thickness of membrane, and ratio of the curing agent [21-23]. To measure the 
stress-strain curve, we prepared bare PDMS and magnetically aligned conductive 
composite materials with 10:1 ratio of PDMS base and curing agent, and for 30 
minute baking time in convection oven at 130°C. And the sample thicknesses were 
fixed at 1 mm. Specimens were prepared by following the Korean Industrial 
Standards-KS M 6518 test standard for physical testing methods for vulcanized 
rubber [24]. Temperature and humidity of the testing environment were 23C and 30% 
RH, respectively. The tensile tester provided up to 200 N in tensile force and a 5 mm 
s
-1 
loading speed was chosen. The results of tension test of bare PDMS film and 
aligned conductive composite film with 1-mm thickness are shown in Figure 3.6. 
The tensile stress of the specimen was obtained by using the followed Equation (3.1), 
𝜎𝐸 =  
𝐹
𝐴0
                          (3.1) 
where F is the applied force, and A0 is the original cross sectional area of the 





Figure 3.6 Tensile stress versus strain curves of (a) bare PDMS film of 10:1 ratio of 
base polymer and curing agent and (b) magnetically aligned conductive composite 




𝜀𝐸 =  
𝛥𝐿
𝐿0
                           (3.2) 
Where ΔL is the elongation of the specimen and L0 is the original length of the 
specimen. In addition, since PDMS and its composite materials are able to withstand 
large amount of tensile strain, we used true strain (ε*) and true stress (σ*) for the 
calculation of the Young‘s modulus, as followed equations.  
𝜀∗  = ln (1 + 𝜀𝐸)                      (3.3) 
𝜎∗ =  𝜎𝐸(1 + 𝜀𝐸)                     (3.4) 
𝐸 =  
𝜎∗
𝜀∗
                          (3.5) 
The Young‘s modulus was calculated from the slope within first linear region of the 
true stress/strain curves. In addition, density of conductive composite with 66.7 wt% 
of nickel was calculated by using well known densities of PDMS and nickel, 965 
kg/m
3
 and 8.908 g/cm
3
, respectively.  
The measurements indicate that the Young‘s modulus and Poisson‘s ratio for 
the bare PDMS, which is made with 10 : 1 weight ratio of a primary and curing 
agent, are 877 kPa and 0.499, respectively. And the Young‘s modulus and Poisson‘s 




nickel were 9783 kPa and 0.64, respectively. In addition, the calculated density of 
conductive composite material is 6260 kg/m
3
.  
Surface strain distributions of a bare and patterned conductive composite 
sheet were computed, for the case of applied uniaxial tensile strain with different 
values of ɛappl = 10%, 30%, and 50%. Tensile strains were applied only one side of 
the boundary, however the opposite boundary was restricted as shown in Figure 3.5. 
In the case of the sheet of the bare conductive composite, similar level of the 
longitudinal strain (ɛxx) around 10% was occurred covering on whole surface when it 
is stretched by applied strain of 10%. And, around -6% of the transverse strain (ɛyy) 
was also occurred on whole surface. In the case of the sheet of the patterned 
conductive composite, however, a degree of occurred strain on areas of each sensor 
cell was extremely decreased. When 10% of uniaxial tensile strain was applied, the 
longitudinal strain and the transverse strain on the sensor cell are only around 0.7% 
and -0.5%, respectively. However, most of the bare PDMS matrix, that are located 
between patterned conductive composites, is received larger strains than the 
patterned conductive composite. The longitudinal strain and the transverse strain of 
the bare PDMS were around 15% and -8.5%, respectively. An effect of this strain 
minimization with isolation becomes more noticeable as larger strain is applied. In 
case of the applied strain of 30% and 50%, the sheet of bare conductive composite 




composite shows only around 2.3% and 3.8%, respectively. 
Experimental results were consistent with simulation results. As shown in 
Figure 3.9(b), the magnetically patterned sensor array showed stable characteristics 































Figure 3.7 Surface strain distributions of the 2D-FEA simulation (by COMSOL 
MULTIPHYSICS from COMSOL Incorporation) for bare ((a)-(f)) and patterned 
conductive composite ((g)-(l)) with different values of applied strain of 10% ((a), (b), 






Figure 3.8 Pressure sensing characteristics shift according to 1D tensile strain of 
sheets of (a) non-patterned and (b) magnetically patterned nickel conductive 




3.4 Electrical Characteristics of Integrated Sensor Array 
We accomplished array experiment with switching matrix system and 
Keithley 2400, in order to confirm operation of integrated pressure and temperature 
sensor array. We made three kinds of copper stamps shapes of alphabets S, N and U 
(Seoul National University) respectively. Each alphabet stamp applies about 50 kPa 
to sensor array. We also set two different temperature conditions, which are room 
temperature and 70°C respectively. Figure 3.10(a) shows room temperature 
condition experiment of 16 by 16 pressure sensor array. Time interval of measuring 
is 0.2 sec for 256 pressure sensor cells. In these re-constructed images, black area 
means low resistance area which was applied external pressure by copper stamp and 
white area means high resistance region which was not applied external pressure. As 
a result, we can recognize affected by copper stamps through applied pressure. 
Figure 3.10(b) shows 70°C condition experiment of 15 by 15 temperature sensor 
array. The Stamp which was heated 70°C, on to the sensor array and measured. Like 
the preceding pressure sensor array result, we can recognize each character. To 
measure the pressure sensor characteristics in more actual situation, we applied 
several discrete forces by using pressure gauge manually. Figure 3.11(a) shows the 
result. Measured data is a slightly unstable because pressure was not applied by the 
mechanically. But the pattern of slightly resistance change is clearly recognizable. 




while block applies pressure to entire sensor array. In the result, there is no 
significant resistance change. The reason is because temperature sensor which is part 
of our designed integrated sensor array is not affected by external applied pressure. 
Structurally, external force affects only pressure sensor if force resolution is bigger 
than 1.25mm. From these results, we confirm that applied pressure does not affect 
temperature sensor. This means that, temperature sensor can detects exact external 
temperature at any pressure applying condition. Accordingly, we can compensate 
detected pressure by post-data processing which is based on exact temperature result. 
 
Figure 3.9 Two-dimensional mapping profiles obtained from experimental sensor 
cell responses. Characters ‗S‘, ‗N‘, and ‗U‘, corresponding to the (a) applied 





Figure 3.10 (a) Repeat operation characteristics of pressure sensor and (b) Stable 






In summary, we demonstrated stretchable pressure and temperature sensor 
integrated artificial skin by using conducting composite material and magnetically 
patterning method. Magnetically patterned sensor shows better sensing performance 
than bare sheet of conductive composite. Pressure and temperature sensitivities are 
2mS/kPa and 0.713μS/°C, respectively. And two different sensors successfully 
integrated by import of uneven structure. Magnetically patterning method, which 
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Negatively Strain-Dependent Electrical 
Resistance of Magnetically Arranged 
Nickel Composite : Its Application to 
Highly Stretchable Electrode and 
Stretchable Lighting Devices 
4.1 Introduction 
 
In recent years, there has been an increasing interest in stretchable electronics. 
It has great potential in future electronics such as flexible display, wearable 
electronics and biomedical applications [1, 2]. With recent progress in stretchable 
electronics, electronic devices on the stretchable substrates can be protected from 




the mechanical stress [3]-[6]. Previous stretchable electrodes were mainly realized 
by either vacuum deposition or inkjet-printing of metal thin film on elastomeric 
substrates [7]-[12]. These stretchable electrodes show very good electrical 
performance at relatively low tensile strain conditions typically lower than 30% 
elongation. 
In order to realize stretchable electrode that can well sustain electrical 
performance at higher tensile strain conditions (over 30% elongations), conductive 
composite materials have also been widely used. Generally, conductive composite 
materials which are composed of elastomeric matrix and conductive fillers such as 
metal powder [13, 14], carbon black [15, 16], and graphite [17] show relatively high 
initial resistance to be used as interconnection between electronic devices. Recently 
carbon nanotube (CNT)-based conductive composite materials have been reported to 
stretchable electrode applications.[1, 18, 19] With special treatment, these materials 
show superior electrical property at over 30% tensile strain. In view of practical use, 
however, they require complex fabrication process to attain high initial conductivity 
and show significant decrease in conductivity with increasing tensile strain. 
Furthermore, patterning of the embedded conductive materials is also challenging 
for previously reported methods. Table 4-1 shows summary of recent representative 
conductive composites and their electrical characteristics with mechanical stretching, 




conductive composites. It is hard to maintain initial conductivity under the tensile 
strain even if they have remarkable initial conductivity and can mechanically sustain 
at high tensile strain. 
It is noted that most conductive materials show positively strain-dependent 
resistance change, i.e. resistance increases with the applied tensile strain, while our 
material shows opposite behavior. This unique property can be used as a device 
supplying power at high tensile strain conditions because the electrodes show low 
resistance when elongated. In addition, when combined with the inorganic metal 
films with very low initial resistance, high-performance stretchable electrodes with 
low resistance at both low and high tensile strain conditions can be implemented. 
Furthermore, our materials are ferromagnetic and thus can be patterned by a 
patterned magnetic field in a simple manner. Therefore, depending on the 
configuration of our composite-only and metal film electrodes, we can fabricate a 
new conceptual device, such as a stretchable lighting or display device with constant 
image resolution even under tensile strain conditions. 
In this study, we report a novel property of negatively strain-dependent 
electrical resistance change of a composite where nickel powder conductive filler is 
embedded in an elastomeric medium. When the conductive fillers in the composite 
were arranged in a direction perpendicular to the strain plane under the magnetic 




patterned magnetic field with the pre-patterned ferromagnetic iron structure, 
patterned and embedded composite electrodes were also simultaneously formed. 
Details of this process will be later described. In order to fabricate a highly 
stretchable electrode with a very low initial resistance (a few ohms for 10 mm long 
electrode), we combined the inkjet-printed silver thin film on the magnetically 
patterned and arranged conductive composite materials. Silver thin film provides 
very low initial resistance and maintains the value at low tensile strain range. As the 
tensile strain increases, the conductive composite with the negative strain-
dependency takes over and maintains its resistance low at high tensile strain range. 
In addition, we also implemented a resolution-sustainable, stretchable lighting 
device, by appropriately configuring both composite-only and silver-covered 
composite electrodes as interconnecting lines for surface-mount light-emitting 
diodes (LEDs). In this conceptual device, hidden LED pixels are located between 
on-pixels and connected to the composite-only electrodes so that they supply power 
to and turn on the hidden pixels, maintaining the resolution of the lighting device, 





Table 4.1 Mechanical and electrical properties of various conductive composite materials. 
Ref. Materials Mechanical and Electrical Properties Patterning 
Demonstration Conductive filler Elastomeric 
and 
insulating matrix 
Composition ratio Failure 
strain [%] 
Electrical Properties 
Conductivity at applied strain (S/cm)   
Initial At high strain  
[17] EG[a] PDMS PDMS with 15wt% of EG 30 ~0.1 ~0.1 at 30% strain N/A 
[20] Carbon black Silicon rubber Silicon rubber with 15 wt% of carbon black 50 0.16 0.12 at 50% strain N/A 
[21] Carbon fiber Epoxy Epoxy with 65 vol% of carbon fiber N/A N/A 7% increase in resistance at 1.6% strain N/A 
[22] MWNT SEBS[c] SEBS with 15 wt% of MWNT 611 5.16 ~10-4 at 300% strain N/A 
[19] nAg-MWNT[d], 
Ionic liquid, Silver 
flake 
PVDF[e] (nAg-MWNTs, 100 mg; ionic liquid, 200mg; PVDF, 8.2 g) 
with 8.60 wt% silver flake, Post treated by hot-roll 
140 5,710 20 at 140% strain N/A 
[23] MWNT forest Polyurethane N/A >1400 0.1-0.2 >4 times increase in resistance at 300% strain N/A 
[24] MWNT, Ionic 
liquid, Silver 
nanoparticle 
SIS[f] 1:2.6:45.4:51  
(MWNTs:ionic liquid:SIS:Ag nanoparticle) 
288 ~3,700 ~50 at 100% strain Screen printing 
w/ contact mask 
[25] MWNT, Graphene PDMS PDMS with 1.3 wt% of grapheme/MWNT aerogel N/A 2.8 ~30% decreases in conductivity  at 30% 
strain 
N/A 
[26] SWNT PDMS SWNT densities in composite were ~10 mg/mL 250 108 ~16% increases in resistance at 100% strain N/A 
[27] SWNT, Ionic liquid Silicone rubber Silicone rubber with 4 wt% SWNT and 1:3 ratio of ionic 
liquid(relative to SWNTs weight), Post treated by nitric acid 
vapor 
200 ~63 ~20 at 200% strain Spray coating w/ 
contact mask  
[18] SG-SWNT[g], 
Ionic liquid 
PVDF SG-SWNTs, 50 mg; ionic liquid, 50 mg; PVDF, 100 mg; 4-
methyl-2-pentanone, 8 ml  
134 57 6 at 134% strain N/A 
[1] SG-SWNT, Ionic 
liquid 
PVDF SG-SWNTs, 30 mg; ionic liquid, 60 mg; 4-methyl-2-
pentanone, 100 ml; PVDF, 1500 mg) 
118 9.7 
 
9.7 at 118% strain 
 
Screen printing 
w/ shadow mask 
[28] Silver platelet PDMS PDMS with 86 wt% of silver platelet  N/A ~170 ~300 at 80% strain Soft lithography 
[14] Copper powder PMMA PMMA with 40 vol% of copper N/A ~1.25 N/A N/A 
[13] Nickel micro-
particle 
Silicone rubber Silicone rubber with 24 vol% of nickel particle  N/A ~0.1 N/A N/A 
[29] Silver powder PDMS PDMS with 21 vol% of silver and benzophenone  57 ~100 N/A Photo 
lithography 
[30] Silver coated fly 
ash cenosphere 
Silicone rubber N/A N/A N/A 58 times increase in resistance at 64% strain N/A 
[31] PEDOT[h] Polyurethane Polyurethane with 50 wt% of PEDOT N/A 120 ~35 at 200% starin N/A 
[32] Bacterial cellulose PDMS N/A 118 0.20-0.41 50% increase in resistance at 118% strain N/A 
This 
work 
Nickel PDMS PDMS with 18.3 vol% of nickel 





115 at 100% strain 
(*116 at 100% strain) 
Magnetic field & 
inkjet-printing 
[a] Exfoliated Graphite 
[b] Cyclic test was performed by PDMS with 5 wt.% EG sample  
[c] Poly[styrene-b-(ethylene-co-butylene)-bstyrene] 
[d] Silver nanoparticle decorated MWNT  
[e] Polyvinylidenefluoride 
[f] Polystyrene–polyisoprene–polystyrene 





4.2 Experimental  
 
To implement the stretchable electrodes, we used poly(dimethylsiloxane) 
(PDMS; Sylgard 184 from Dow Corning) for elastomeric medium and nickel 
powder (203904; average particle size ~5 μm, 99.99% from Sigma Aldrich) for 
conductive fillers. Filler volume ratio can be varied to optimize the performance of 
the conductive composite.  
Figure 4.1 shows fabrication flow of the composite-only and silver-covered 
composite electrodes. Various volume ratio of nickel powder (average particle size 
~5 μm, 99.99% from Sigma Aldrich) was mixed with 10 : 1 weight ratio mixture of 
poly(dimethylsiloxane) (PDMS; Sylgard 184 from Dow Corning) base and curing 
agent with a hand blender for 10 minute and then was put in a desiccator for 1 hour 
to degas air in it. The degassed PDMS/nickel mixture was cast onto a flat aluminum 
mold (see Figure 4.1 (a)) and then the mold was placed between two pre-made iron 
structures (we will call the structure "magnetic field modulator") and two 
neodymium permanent magnets (4,000 G) as shown in Figure 4.1 (b). During this 
process, magnetic field from magnets is focused at closest confronting area of the 
two magnetic field modulators. The nickel powder inside the mixture moves 
laterally under the focused area, making electrode patterns similar to the shape of the 




arranged due to the magnetic field, direction of which is perpendicular to the 
composite plane. It is noted that, we can produce various shapes such as wavy lines 
or circles in addition to the straight lines if we use magnetic field modulators with 
corresponding patterns. However, our method has limitation in producing very fine 
features because feature sizes are directly related to the minimum feature size of the 
shape of the magnetic field modulator and the thickness of the nickel-embedded 
PDMS. Since our field modulator is made by an electrical discharge machining 
(EDM) method and has high aspect ratio structure, its pattern pitch (or line width 
and spacing) is limited to around 100 μm due to the intrinsic EDM limitation. The 
important point is that the designed pattern pitch and PDMS thickness should be 
similar in order to obtain desirable pattern quality. The time required for 
patterning/arrangement process depends on volume ratio of the nickel powder, 
mixture viscosity, and magnetic field strength at the confronting surface. Finally, the 
patterned and arranged mixture was thermally cured in a convection oven at 130 °C 
for 30 min. The fully cured arranged conductive composite electrodes (we call this 
"exposed composite-only electrodes") have 10-mm length, 1-mm width and 1-mm 
thickness as shown in Figure 4.1 (c).  On top of the fully cured exposed composite-
only electrodes, silver thin films were inkjet-printed (see Figure 4.1 (d), we call this 
"exposed silver-covered composite electrodes") by using the printing conditions, 





Figure 4.1 Fabrication process of stretchable electrodes. (a) Nickel/PDMS mixture 
casting onto aluminum mold. (b) Nickel filler arranging and patterning by the 
magnetic field modulator. (c) Cured exposed composite-only electrodes. (d) Inkjet-





fully cured exposed composite-only electrodes, silver thin films were inkjet-printed. 
Nanoparticle type silver ink (DGP-40 from ANP Corp.) was inkjet-printed by using 
a piezo electric inkjet-printer (DMP-2831 from Dimatix Corp.) after the composite 
surface was treated with UV ozone cleaner (AH1700 from AHTECH LTS) for 10 
minutes to increase the surface energy to be more hydrophilic. Power of the UV 
light was 28 mWcm
-2
. Inkjet-printing parameters such as the cartridge temperature, 
stage temperature, ink drop speed and drop spacing were 30 °C, 60 °C, 6 ms
-1
 and 
25 μm, respectively. The inkjet-printed silver electrode was sintered on a hot plate at 
100 °C for 1h. For comparison, we also fabricated two additional types of electrodes: 
nickel conductive composite electrodes without exposure to magnetic field (we call 
this "unexposed composite-only electrode") and inkjet-printed silver electrodes on 
the PDMS substrate. 
It is noted that, we can produce various shapes such as wavy lines or circles in 
addition to the straight lines if we use magnetic field modulators with corresponding 
patterns, as shown in Figure 4.2. However, our method has limitation in producing 
very fine features because feature sizes are directly related to the minimum feature 
size of the shape of the magnetic field modulator and the thickness of the nickel-
embedded PDMS. Since our field modulator is made by an electrical discharge 
machining (EDM) method and has high aspect ratio structure, its pattern pitch (or 




limitation. The important thing is that the designed pattern pitch and PDMS 
thickness should be similar in order to obtain desirable pattern quality. 
 
Figure 4.2 Magnetic field simulation results with various shapes. (a) Parallel 
straight lines (1-mm line width, 1-mm thickness and 6.3-mm spacing) (b) Circle (1-
mm line width, 1-mm thickness) (c) Wavy line (100-μm line width, 100-μm 
thickness) 




4.3 Results and Analysis 
4.3.1 Electrical Characteristics with Tension Test  
Figure 4.3 shows resistance change of the unexposed and exposed composite-
only electrodes with the tensile strain for different filler concentrations of 5.3 to 18.3 
vol% (lines with symbol). Tensile strain was applied using a home-made stretching 
equipment that can be programmed to control stretching amount and speed. 
Electrical property was measured using digital sourcemeter (Keithley 2420) that is 
controlled by a computer. All samples have 10-mm length, 1-mm width, and 1-mm 
thickness. The tensile strain was applied at 16.7 μm/s, and electrical resistance was 
measured every 0.2 sec. 
It is noted that volume fraction was calculated from the measured weight of 
PDMS and nickel powder and literature values of their density (1.03 and 8.908 
g/cm3 for PDMS and nickel, respectively) and indicates the volume fraction at the 
homogeneous mixture state. For exposed composite, resistance at the same tensile 
stress decreases with the filler concentration because the more nickel powder exists 
per volume, the more conduction paths are formed in the composite electrodes. The 
same behavior was also observed for the unexposed ones, which is not shown here. 
Resistance of the exposed composite-only electrodes rapidly decreases with the 
tensile strain at low strain region, and then is saturated at around 40% strain. 





Figure 4.3 Resistance and conductivity change in terms of tensile strain for exposed 
and unexposed composite-only electrodes. (All volume fractions were measured at 





composite was about 115 S/cm at 100% tensile strain. However, for unexposed 
composite, opposite properties, i.e. increase of resistance with the tensile stress, have 
been observed. In addition, its initial resistance was also very large in comparison 





4.3.2 Analysis with Three-dimensional Percolation Theory  
As mentioned before, it should be noted that the conductive composite 
materials that have been previously reported generally showed properties of 
increasing resistance with the tensile strain like our unexposed composite [13-19]. 
This general property seems to be caused by decrease of the conductive filler 
volume fraction in the composite with the tensile strain and can be explained by a 
three-dimensional percolation theory [19]. The electrical conductivity of the 
conductive composite is given by the power law relationship as shown in Equation 
(4.1). 
𝜎 =  𝜎0(𝑉𝑓 − 𝑉𝑐)
𝑠                      (4.1) 
where σ is the electrical conductivity of composite, σo is the electrical conductivity 
of the filler, Vf is the filler volume fraction, Vc is the percolation threshold and s is 
the fitting exponent. In this equation, only Vf depends upon tensile strain, but other 
parameters were presumed to be constant.  
The Vf is obtained by following equations, when tensile strain ε was applied to 
the composite along length direction [S5], 
𝐿2 =  𝐿1 ∙ (1 + 𝜀)                      (4.2) 
𝑇2 =  𝑇1 ∙ (1 − 𝜈𝑡𝜀)                       (4.3) 
𝑊2 =  𝑊1 ∙ (1 − 𝜐𝑤𝜀)                      (4.4) 
𝑉2 =  𝐿2 ∙ 𝑇2 ∙ 𝑊2 =  𝐿1𝑇1𝑊1(𝜐𝑡𝜐𝑤𝜀
3 + (𝜐𝑡𝜐𝑤 − 𝜐𝑡 − 𝜐𝑤)𝜀




𝑉𝑓 =  
𝑉𝑓𝑖𝑙𝑙𝑒𝑟
𝑉2
                          (4.6) 
where L1, T1, W1 and L2, T2, W2 are the length, thickness, width of the composite 
before and after strain applying, respectively. V2 is the volume of the composite after 
elongation. υt and υw are Poisson‘s ratios in the thickness and width direction of that 
were experimentally determined . 
Typically, Poisson‘s ratio of most conductive composites is low value around 
0.2~0.3. The volume of the conductive composite increases with the tensile strain 
for the composites with low Poisson‘s ratio, according to the Equation 4.5. This 
result leads to the material‘s electrical conductivity decreasing with the tensile stress. 
(Equation 4.1 and 4.6) However, our exposed composite has high Poisson‘s ratio 
(18.3 vol%; υt=0.26, υw=0.66) compared to the unexposed composite with same 
filler volume fraction (υt=0.24, υw=0.22), where, υt and υw are Poisson‘s ratio in the 
directions of thickness and width, respectively. For such a large Poisson‘s ratio, the 
volume of the composite decreases with the tensile strain (Equation 4.5). Volume 
variation of our nickel filler embedded medium in each case was calculated 
according to the tensile strain as shown in Figure 4.4. The exposed composite shows 
volume decrease tendency with the tensile strain, whereas unexposed composite 





Figure 4.4 Graph: Volume variation calculation with tensile strain of exposed and 
unexposed composites. Schematic illustration: Volume decrease and nickel filler 
volume fraction increase with the tensile strain in exposed composite. Considered as 
composite with 18.3 vol% of nickel filler (vt=0.26, vw=0.66), and longitudinally 





fraction. The exposed composite-only electrodes showed conductive path increasing, 
which is verified from the cross-sectional scanning electron microscope (SEM) 
image with the tensile strain. Figure 4.5 (b) shows that electrical conduction paths 
are more formed between nickel powders as the tensile strain increases. This unique 
property of the exposed composite-only electrode plays the key role in reduction of 
the electrical resistance with the tensile strain.  
SEM specimen preparation for a stretched electrode is shown in Figure 4.6. 
First, exposed composite-only electrode was cut in half (Figure 4.6 (a), (b), and (c)), 
along the center line in its stretching direction. Then, specimen was stretched and 
fixed at a specific tensile strain by using the manually implemented stretching 
machine (Figure 4.6 (d)). The stretched specimen which is fixed on the manual 
stretching machine was carefully and firmly adhered to SEM specimen holder by 
using conductive carbon tape under the specimen and kapton tape on the side area of 
the specimen (Figure 4.6 (e)) in order to maintain the stretched state after removing 
the stretching machine. As shown in the Figure 4.6 (f), the tapes can hold the 
stretched specimen without the stretching machine. SEM images were taken by field 











Figure 4.5 (a) Schematic illustration of the exposed composite-only electrode and 
its cross sectional SEM images under various tensile strain of (b) 0%, (c) 4%, and (d) 
7%. (Magnetic field direction: z, stretching direction: x, SEM image: xz-plane 






Figure 4.6 (a, b, c) First, exposed composite-only electrode was cut in half, along 
the center line in its stretching direction. (d) Then, specimen was stretched and fixed 
at a specific tensile strain by using the manually implemented stretching machine. (e) 
The stretched specimen which is fixed on the manual stretching machine was 
carefully and firmly adhered to SEM specimen holder by using conductive carbon 
tape under the specimen and kapton tape on the side area of the specimen in order to 
maintain the stretched state after removing the stretching machine. (f) The tapes can 





4.3.3 Highly Stretchable Electrode with Ink-jet Printed Silver   
However, the exposed composite-only electrode still has high initial resistance, 
which limits its applications to practical devices and interconnections. To solve this 
issue, we fabricated additional inkjet-printed silver thin films on top of the exposed 
composite-only electrodes. Typical silver or gold electrodes keep their low 
resistance at low tensile strain, but lose their initial properties at higher strain. [7-12] 
Therefore, it is expected that two opposite behaviors of the exposed composite-only 
and silver electrodes would compensate for each other, resulting in an extremely 
highly stretchable electrode property. Figure 4.7 shows properties of the inkjet-
printed silver electrode on PDMS substrate, the exposed composite-only electrode, 
(14.3 vol%) and the exposed silver-covered composite electrode. (14.3 vol%) The 
initial resistance of the inkjet-printed silver, exposed composite-only and silver-
covered composite electrodes were 3.2, 237.4 and 2.2 Ω, respectively. The inkjet-
printed silver electrode showed a good electrical performance at low tensile strain 
condition (under 20%). However, its electrical resistance rapidly increased with the 
tensile strain and it loses electrical conduction at above 38% tensile strain. This 
increase in resistance originates from the appearance of metal cracks under the 
tensile strain.[7-12] The exposed composite-only electrode showed poor electrical 
performance at low tensile strain condition but its electrical resistance decreased 





Figure 4.7 Resistance changes in terms of tensile strain for inkjet-printed silver, 





remained under 20 Ω up to 100 % tensile strain. When combined together, the 
exposed silver-covered composite electrodes showed low resistance at both low and 
high strain conditions. It showed resistance lower than 20 Ω within range of the 
experimented tensile strain conditions. Its resistance increased gradually but slightly 
up to 20% strain, mainly due to crack formation of the inkjet-printed silver thin 
films. As the tensile strain further increased, the resistance of the exposed silver-
covered composite electrodes decreased and became saturated.  
For visual demonstration, we connected commercial blue light emitting diodes 
(LEDs) with the stretchable electrodes and monitored the light emission under 
various tensile strain conditions. Their light-emission images at 0, 15, 30, 50 and 
100% tensile strain conditions are included in Figure 4.8. The operating results are 
consistent with the measured electrical resistance variation with the tensile strain for 
three types of electrodes. It is noted that the electrical resistance of the composite-
based electrode can be varied if there is any resistive heating. Since temperature 
dependency of the resistance of the composite-based electrode is common 
observation, [33, 34] if we want to use our electrodes for high power applications, 






Figure 4.8 Luminance change of LED which was connected inkjet-printed silver, 





4.4 Resolution Sustainable Stretchable Lighting Device 
Another promising application of this negative strain-dependency of the 
exposed composite-only electrodes is implementation of the stretchable display or 
lighting device with constant image resolution under the tensile strain conditions. It 
should be noted that most of the previous reports demonstrated stretchable lighting 
device but with decreasing image resolution with the tensile strain [1, 35]. However, 
in our approach, we can configure hidden pixels between light-emitting pixels so 
that the hidden pixels are turned on to maintain the original image resolution when 
the tensile strain is applied. When the exposed composite-only and exposed silver-
covered composite electrodes are appropriately configured, we can produce a 
resolution-sustainable stretchable lighting device, where number of lighting pixels 
per unit area can be maintained same under the tensile strain. Figure 4.10 (a) shows 
a demonstration of one-dimensional stretchable lighting device with five surface 
mount LEDs. Three parallel exposed composite-only electrodes embedded in single 
PDMS matrix were fabricated using the same method as mentioned above. Then, 
silver thin films were inkjet-printed onto two outer exposed composite-only 
electrodes. Anode and cathode of the five surface mount LEDs were attached 
between the exposed silver-covered composite and composite-only electrodes. 
Those of the first, third, and fifth LEDs were connected to two exposed silver-










on the exposed composite-only electrode in order to prevent unwanted electrical 
connections. The anode and cathode of the second and fourth LEDs were connected 
to composite-only electrodes and exposed silver-covered composite, respectively, 
via inkjet-printed silver. 
Three constantly on (1, 3, 5) and two hidden (2, 4) LEDs are connected to 
exposed silver-covered composite and exposed composite-only electrodes, 
respectively, so that the hidden LEDs are turned on when tensile strain is applied. As 
the tensile strain increases, the distance between constantly on pixels increases, 
resulting in reduction of the image resolution. However, at certain tensile strain, the 
hidden pixels start to be turned on and they will maintain the initial image resolution 
of the lighting device. Figure 4.10 (b) shows images taken at various strain 
conditions up to 20%. The hidden (2, 4) LEDs become turned on with the tensile 
strain and showed their full brightness at around 15% tensile strain, maintaining it 
up to 20%. It is noted that resistance of the exposed composite-only electrode 
becomes similar to that of the exposed silver-covered electrode around 20% tensile 
strain as shown in Figure 4.7. Therefore, we observed similar brightness from the 
LEDs connected to each electrode. When we optimize the concentration of fillers 
and improve connection between LEDs themselves with the electrodes, we can 







Figure 4.10 (a) Schematic illustration of resolution-sustainable stretchable lighting 
device with tensile strain. (b) Luminance change of resolution-sustainable 






In conclusion, we have developed a highly stretchable electrode and 
demonstrated a resolution sustaining lighting device by fully utilizing unique 
property of the negative strain-dependency in electrical resistance of the 
magnetically patterned and arranged nickel composite. Resistance of the exposed 
silver-covered composite electrode was maintained below 20 Ω even up to 100% 
tensile strain. Although cyclic behavior of pure nickel composite needs more 
improvement, nickel-based composite materials have excellent advantages over 
other materials in terms of simple patterning and in-situ embedding in the matrix. In 
addition, when nickel-containing composite, such as nickel-combined CNT [36] or 
nickel-attached polymer [37], is used, it is expected that more stable, highly-
stretchable, patterned interconnecting electrodes can be implemented. Finally, from 
the conceptual demonstration of the resolution-sustainable lighting device, we 
believe that our novel technology would be one of the key enabling technology in 
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In this these, we report the fully integrated pressure/temperature sensor array 
based on nickel conductive composite. By enhancing and optimizing the conductive 
composite materials for stretchable sensor, magnetic field alignment method is used. 
By using the magnetic aligning method, we successfully demonstrated high 
performance nickel based conductive composite materials. It shows low percolation 
threshold with good pressure and temperature sensor characteristics. We fully 
analyzed filler alignment effect by using percolation theory and effective medium 
theory. 
By using the magnetic patterning method, we report a simple fabrication 
method of integrated pressure/temperature sensor arrays by embedding conductive 




temperature sensing parts are formed in one pixel but have different heights, which 
are implemented by introducing a corrugated structure to Ni/PDMS composite with 
a pre-patterned aluminum mold. Since Ni particles are ferromagnetic materials, we 
also patterned them by exposing Ni/PDMS to patterned magnetic fields produced 
with pre-patterned iron structure, resulting in an embedded nickel dot array. 
Magnetic field exposure helped both lateral patterning and vertical particle 
alignment, which directly improved sensitivity and linearity of the sensor. 
Independent and stable read-out signals for pressure and temperature sensors are 
successfully obtained even under repeated measurements. Our technology has 
advantages of simple tuning for sensitivity and operation ranges by changing 
particle concentration and device physical dimension, easy scaling-up to large area 
by seamlessly bonding small arrays or using large-area iron structure, and potential 
implementation of the sensor front-plane for active-matrix backplane read-out 
circuitry. Artificial skin passive-matrix system and active-matrix front-plane with 
about 10 ppi resolution with the integrated 16ⅹ16 pressure and 15ⅹ15 temperature 
sensor arrays have been finally demonstrated. 
We also reported a highly stretchable electrode and demonstrated a resolution 
sustaining lighting device by fully utilizing unique property of the negative strain-
dependency in electrical resistance of the magnetically patterned and arranged nickel 




below 20 Ω even up to 100% tensile strain. Although cyclic behavior of pure nickel 
composite needs more improvement, nickel-based composite materials have 
excellent advantages over other materials in terms of simple patterning and in-situ 
embedding in the matrix. In addition, when nickel-containing composite, such as 
nickel-combined CNT or nickel-attached polymer is used, it is expected that more 
stable, highly-stretchable, patterned interconnecting electrodes can be implemented. 
Finally, from the conceptual demonstration of the resolution-sustainable lighting 
device, we believe that our novel technology would be one of the key enabling 
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전자 인공 피부의 구현은, 시험적인 기초적 개념부터 로봇 엔지니어링과 
인공 보철을 위한 응용까지, 폭넓은 범위에서 연구되고 있다. 인공 피부는 
압력이나 온도와 같은 외부의 환경을 감지하고, 로봇 제어 시스템이나 인간의 
신경계에 변환된 신호를 전달하는 과정에서 중요한 역할을 담당한다.  
실제 인간의 피부가 가지는 특성을 제대로 모사하기 위해서는, 인공 피부는 
어레이 형태를 지녀야 함과 동시에 최소한 압력과 온도의 두 가지 환경 변화를 
감지해야 한다. 지금까지 단일 인공 피부 내부에 압력과 온도 두 가지 센서 
요소를 집적하기 위한 몇몇 시도가 있어왔다. 상용화된 온도 센서 칩과 압력 
감지 가능한 복합재료의 집적이나, 각기 따로 제작된 센서 어레이들의 조합과 
같은 방법들이 구현돼 왔다. 이와 같은 이종 요소들간의 집적이나 조합의 
방법들은 복잡한 제작 공정과 공정 비용의 증가를 불러 일으켰다.  
센서 요소에 있어서는, 인가 압력이나 온도에 대해 구조적 변화와 동시에 
전기 저항이 변화하는 전도성 복합 재료가 일반적으로 널리 사용되고 있다. 많은 
경우에 있어서, 전도성 복합 재료는 압력 혹은 온도 센서로서 오직 한 가지 
종류의 환경 감지만 가능하도록 사용되고 있다. 동일한 전도성 복합 재료를 
사용해 확연히 구분되는 두 가지 종류의 센서 요소를 같은 기판위에 형성하고, 




같은 이유로, 단일 전도성 복합 재료를 이용해 다감각 감지가 가능한 장치를 
개발한 연구는 발표된바 없다. 
또, 일반적으로 전도성 복합 재료는 신호 처리를 위한 능동형 매트릭스 
회로가 제작된 유연성 기판 위에 제작되었다. 그러므로, 재료나 소자의 구조 
선택에 많은 제한점이 존재할 수 있고, 능동 구동 가능한 센서 에러이의 대량 
생산을 어렵게 만드는 공정 방법의 부적합성 등이 존재할 수 있다. 그러나, 
기판내부에 각각의 센서 요소들이 내장되는 방식을 통해 독립적으로 센서 
어레이가 제작된다면, 그 자체로서 수동형 매트릭스 시스템으로 응용이 가능할 
뿐만 아니라, 이에 더하여, 마치 전자 종이에서의 front-plane 기술과 같이, 
개별적으로 제작된 능동형 매트릭스 회로 위에 매우 쉬운 적층이 가능할 것이다.  
이 논문에서는, poly (dimethyloxane) (PDMS) 매트릭스 내부에 전도성 니켈 
입자들이 내장되는 방식을 통한, 매우 간단한 압력/온도 집적화된 센서 어레이의 
제작 방법을 보고한다. 압력 센서와 온도 센서들은 동일한 면적을 가지는 하나의 
픽셀로서 형성되지만, 요철 구조를 가지는 알루미늄 몰드를 이용해 제작되는 
니켈-PDMS 전도성 복합재료 기판의 도입을 통해 서로 다른 높이를 가진다. 니켈 
입자는 강자성 물질이기 때문에, 니켈-PDMS 전도성 복합재료에 특정한 구조로 
설계된 철 구조물을 거치며 형성되는 패터닝된 외부 자기장을 노출시킴으로써 
니켈을 패터닝해 PDMS 내부에 니켈 점들을 어레이 모양으로 제작할 수 있다. 




정렬에도 영향을 주고, 이는 민감도나 선형도와 같은 센서의 특성 향상에 
직접적인 효과를 불러온다. 이렇게 제작된 센서 어레이는, 반복적인 측정 조건 
아래에서도, 각각의 압력과 온도 센서 요소간에 서로 독립적이고 안정적인 
결과를 얻을 수 있었다. 이 기술은, 전도성 필러의 함량이나 물리적 크기의 
조절을 통해 민감도나 동적 범위와 같은 센서 특성의 쉬운 조절이 가능케하고, 
대면적 제작이 용이하다. 또한, 능동 매트릭스 회로와의 쉬운 접합이 가능할 
것으로 기대된다. 최종적으로 이 연구에서, 10 ppi 의 해상도를 가지며 16 by 16 의 
압력 센서 어레이와 15 by 15 의 온도 센서 어레이가 집적된 수동형 인공 피부를 
구현했다.   
추가적으로, 자기장을 통한 니켈의 패터닝과 정렬 기술을 이용하여, 
고신축성 신축 전극 및 이를 활용한 해상도 유지 가능한 신축성 발광 소자 
시스템을 구현했다. 이렇게 제작된 신축정 전극은 인가 인장에 대해 역방향으로 
전기 저항이 감소하는 매우 특이한 특성을 보였다. 비록, 반복적인 동작 특성은 
추후 개선이 필요하지만, 쉬운 패터닝과 기판 내장 기술의 측면에서는 아주 좋은 
장점을 가지고 있다. 본 논문에서 제안하는 기술은 미래의 신축성 전자 소자 
기술에서 중요한 역할을 담당할 것으로 기대한다.  
주요어:  전자 인공 피부, 전도성 복합 재료, 자기장 패터닝/정렬, 신축성 전극, 
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